The ®ssion yeasts are members of the fungal order Schizosaccharomycetales, a candidate deepdiverging group within Ascomycota. Although a great deal of molecular information is available from Schizosaccharomyces pombe, a model eukaryote, very little is available from other members of this group. In order to better characterize mitochondrial genome evolution in this fungal lineage, the mitochondrial DNA (mtDNA) of two additional ®ssion yeasts, Schizosaccharomyces octosporus and Schizosaccharomyces japonicus var. japonicus, was sequenced. Whereas the mtDNA of S.pombe is only 19 431 bp, the mtDNA of S.octosporus is 44 227 bp, and that of S.japonicus var. japonicus is over 80 kb. The size variation of these mtDNAs is due largely to non-coding regions. The gene content in the latter two mtDNAs is almost identical to that of the completely sequenced S.pombe mtDNA, which encodes 25 tRNA species, the large and small mitochondrial ribosomal RNAs (rnl and rns), the RNA component of mitochondrial RNaseP (rnpB), mitochondrial small subunit ribosomal protein 3 (rps3), cytochrome oxidase subunits 1, 2 and 3 (cox1, cox2 and cox3) and ATP-synthase subunits 6, 8 and 9 (atp6, atp8 and atp9). However, trnI2(cau) (C modi®ed to lysidine) is absent in the S.octosporus mtDNA, as are corresponding ATA codons in its protein-coding genes, and rps3 and rnpB are not found in the mtDNA of S.japonicus var. japonicus. The mtDNA of S.octosporus contains ®ve double hairpin elements, the ®rst report of these elements in an ascomycete. This study provides further evidence in favor of the mobility of these elements, and supports their role in mitochondrial genome rearrangement. The results of our phylogenetic analysis support the monophyly of the Schizosaccharomycetales, but question their grouping within the Archiascomycota.
INTRODUCTION
The ®ssion yeasts are a small group of unicellular, saprophytic organisms classi®ed within the higher fungal division Ascomycota, order Schizosaccharomycetales (1,2), in the single genus Schizosaccharomyces. The placement of Schizosaccharomyces within Ascomycota is based on a set of fundamental features that delimit this division, including life cycle, mode of ascospore formation and non-centric mitosis (3) . Furthermore, the morphology and development of the sexual sporangium of the ®ssion yeasts is similar to the ascus of other ascomycetes (4, 5) . Phylogenetic studies including a broad range of species from all fungal lineages (6, 7) consistently support this assignment.
Schizosaccharomyces pombe is an increasingly used organism for research, due largely to the many molecular genetic techniques available (8) , and the availability of its complete nuclear genome sequence (9) . Several features highlight the utility of this organism as an alternative model system to the budding yeast, Saccharomyces cerevisiae. For example, S.pombe has served as an important model organism in genetic and molecular studies of the cell cycle (10) , as it displays features, such as a distinct G 2 phase and visible chromosome condensation, typical of other eukaryotes but not found in budding yeasts (11) . Of the many ®ssion yeast species described since the initial description of S.pombe, most have been found to be conspeci®c with one of three species: S.pombe Lindner (12) , Schizosaccharomyces octosporus Beijerinck (13) and Schizosaccharomyces japonicus Yukawa and Maki (14) . Unfortunately, little molecular data are available from the latter two Schizosaccharomyces species. Comparative data from closely related organisms can allow the identi®cation of, for example, regulatory elements or genes in the DNA sequence that would not be recognized by comparing more distantly related organisms (15±17).
The mitochondrial DNA (mtDNA) of S.pombe strain 50 h ± has been completely sequenced (18, 19) ; however, the only data available from the mitochondrial genomes of other ®ssion yeasts are the sequence of the mitochondrial small ribosomal subunit from S.japonicus var. versatilis (GenBank accession number X72804). In order to provide comparative data from other members of Schizosaccharomyces to better de®ne the mitochondrial genomes in this group, and to better resolve the fungal phylogeny, the mtDNAs of two additional ®ssion yeasts, S.octosporus and S.japonicus var. japonicus, were sequenced.
The current taxonomic view of Ascomycota, based on molecular phylogenetic analyses of small subunit rRNA sequences (20, 21) , shows three major lineages: the euascomycetes (®lamentous ascomycetes), the hemiascomycetes (budding yeasts) and the archiascomycetes (a heterogeneous group to which the genus Schizosaccharomyces is considered to belong;`Taphrinomycotina', according to GenBank). The euascomycetes and hemiascomycetes form a monophyletic group, while the archiascomycetes are the most ancestral lineage of the ascomycetes. This basic topology of the phylum Ascomycota is generally consistent throughout most small subunit rRNA-and RPB2-(beta subunit of RNA polymerase II) (22) based analyses. However, there is no signi®cant statistical support for this topology (23, 24) . In addition, certain phylogenies based on amino acid sequences (25, 26) have placed S.pombe at the base of the budding yeasts, although again with poor support. In contrast, phylogenetic analyses based on multiple concatenated mitochondrial protein sequences have indicated that the position of S.pombe is at the base of the budding yeasts, often with good bootstrap support (6, 24) . Although both the budding yeasts and S.pombe form long branches in these analyses, maximum likelihood-based analyses that are known to minimize long-branch attraction artifacts (27) increase support for this topology (24) . The present study further explores the position of Schizosaccharomyces within the Fungi.
MATERIALS AND METHODS

Strains, culture conditions and preparation of mtDNA
The strains used were S.octosporus (ATCC 2479) and S.japonicus var. japonicus (ATCC 10660). Cells were grown using Yeast Standard Medium, consisting of 1% yeast extract, 1 g/l KH 2 PO 4 and 3% glycerol (for S.japonicus var. japonicus, 3% glucose was used). Cultures were grown for 24±48 h with shaking (100 r.p.m.) at 30°C. Puri®cation of mtDNA was performed using 20±30 g (wet weight) of cells, harvested in the early stationary phase by centrifugation. After resuspension in a sorbitol buffer (0.6 M sorbitol, 5 mM EDTA, 50 mM Tris pH 7.4), the cells were broken mechanically by shaking with glass beads, and a crude mitochondrial fraction was isolated by differential centrifugation. The mitochondrial fraction was lysed in the presence of 1% SDS and 100 mg/ ml proteinase K, at 50°C for 1 h. SDS was subsequently eliminated from the lysate by addition of 1 M NaCl, and after 1 h on ice, the precipitate (SDS±protein complex) was removed by centrifugation. The total nucleic acids were fractionated on a CsCl gradient (1.1 g/ml, 40 000 r.p.m. for 48 h) in the presence of 10 mg/ml bis-benzimide (Hoechst dye 33258). The upper band (A + T-rich DNA) was extracted and recentrifuged in one or two subsequent CsCl gradients. Yields of 0.5±3 mg DNA were typical.
Cloning and sequencing of mtDNA mtDNA was physically sheared by nebulization (28) , and a size fraction of 500±3000 bp was recovered after agarose gel electrophoresis. DNAs were incubated in the presence of dNTPs, the Klenow fragment of DNA polymerase I and T7 DNA polymerase to generate blunt ends, and cloned into the SmaI site of a modi®ed Bluescript II KS+ vector with a shortened multi-cloning site (pFBS). Recombinant plasmids containing mtDNA inserts were identi®ed by colony hybridization using mtDNA as a probe. DNA sequencing was performed by the dideoxy chain termination method (29) , using single-stranded DNA as template and [a- 35 S]dATP as label. Labeled DNA fragments were subjected to electrophoresis in 4% polyacrylamide gels, dried onto glass plates (30) , and autoradiographed. Automated sequencing was performed on a LiCor 4000L apparatus, using an end-labeled primer and a cycle sequencing protocol (Amersham).
The mtDNA sequences of S.octosporus and S.japonicus var. japonicus have been deposited in GenBank (accession numbers AF275271 and AF547983, respectively).
Data analysis
Sequences were assembled using GAP (31) and custom-made command line interfaces, and stored in the MasterFile format (http://megasun.bch.umontreal.ca/ogmp/master®le/ intro.html).
Sequence analysis was performed on SUN workstations, using software developed by the OGMP (Organelle Genome Megasequencing Project; see http://megasun.bch.umontreal. ca/ogmp/ogmpid.html) and others (such as the Staden sequence analysis package). The FASTA program (32) was used for searches of local databases. Sequence similarity searches were also performed at the National Center for Biotechnology Information (NCBI), using the BLAST network service (33) .
RESULTS AND DISCUSSION
Genome size, gene content and gene order
The mtDNA of S.pombe (19) (Fig. 1A) is 19 431 bp, and codes for 25 tRNA species (capable of recognizing all codons, probably including the rarely used UGA at low ef®ciency; see below), the mitochondrial small and large ribosomal RNAs (rns and rnl, respectively), the RNA component of mitochondrial RNase P (rnpB; E.Seif and B.F.Lang, unpublished), the mitochondrial small subunit ribosomal protein 3 (rps3) (17) , cytochrome oxidase subunits 1, 2 and 3 (cox1, cox2 and cox3), apocytochrome b (cob), and ATP-synthase subunits 6, 8 and 9 (atp6, atp8 and atp9) ( Table 1 ). The A + T content of this genome is 70.0%, and all genes are expressed from the same DNA strand.
We have completely sequenced the mtDNA of S.octosporus (Fig. 1B) . This genome is a circular-mapping molecule of 44 227 bp, i.e. more than twice the size of the mtDNA of S.pombe. The A + T content of this genome is 76.0%, and all genes are encoded on the same DNA strand, as in S.pombe. The only observed difference in gene content between the mtDNAs of S.pombe and S.octosporus is the absence of the trnI2(cau) gene (C residue modi®ed to lysidine) in that of S.octosporus (discussed below). The gene order in this mtDNA is quite similar to that observed in S.pombe, with ®ve blocks of gene order conservation comprising the entire genome [excluding the absent trnI2(cau) gene] (see color code in Fig. 1 ).
We have also sequenced the mtDNA of S.japonicus var. japonicus (Fig. 1C) , a genome that is about four times as large as that of S.pombe. The sequence assembly of two regions of this mtDNA remains ambiguous, due to the presence of long repeat sequences (see Fig. 1C for locations; the version of the sequence assembly with the lowest number of con¯icts is shown). The A + T content of this genome is 80.2% and, in contrast to the mtDNAs of S.pombe and S.octosporus, genes are encoded on both DNA strands. We have identi®ed the same set of genes in this genome as in that of S.pombe, except that rps3 and rnpB are not present (which is not surprising, as these two genes have a patchy distribution in fungal mtDNAs) (17; E.Seif and B.F.Lang, unpublished). Extensive sequencing of clones from a random mtDNA library did not suggest the presence of additional genes within the repeat regions. The gene order in this mtDNA is completely dissimilar to that observed in the mtDNA of either S.pombe or S.octosporus. The gene order information derived from this study indicates that S.pombe and S.octosporus are more closely related to each other than either is to S.japonicus, as proposed by Sipiczki (3). The close relationship of S.pombe and S.octosporus is further re¯ected in sequence similarities of mitochondrial genes, and in phylogenetic analyses grouping them as sister species to the exclusion of S.japonicus (see Fig. 4) .
Mitochondria of S.japonicus var. japonicus (as well as S.japonicus var. versatilis) are highly reduced in most cytochromes, as determined by cytochrome spectroscopy (34) . The data correlate with the inability of members of this species to grow on non-fermentable substrates (35) . As all the expected (with respect to S.pombe) mtDNA-encoded genes coding for the translation machinery, respiratory chain and ATP-synthase complexes are present in the S.japonicus var. japonicus mtDNA, these phenotypes probably stem from an extra-mitochondrial source. Some nuclear pet mutants (i.e. de®cient in growth on non-fermentable carbon sources) have been shown to have pleiotropic loss of cytochromes, but retain a wild-type mtDNA, in both S.cerevisiae (36) and S.pombe (37, 38) . It is probable that S.japonicus var. japonicus has acquired such a nuclear mutation.
Finally, most of the size variation (from 17.4 to 24.4 kb) between mitochondrial genomes of naturally occurring S.pombe strains is due to the presence or absence of introns (39) . However, the large size variation (between 19 and >80 kb) between the mtDNAs of the three species compared here is due mostly to the size of highly A + T-rich (77.6, 80.7 and 82.0% in S.pombe, S.octosporus and S.japonicus var. japonicus, respectively) non-coding (intergenic) regions. Non-coding DNA accounts for only 11.1% of the mtDNA of S.pombe, whereas it accounts for 49.4% in S.octosporus and 76.5% in S.japonicus var. japonicus. The function of these non-coding sequences, if any, is unknown.
Intron content
The mtDNA of S.pombe contains two group I introns in the cox1 gene, and a single group II intron in the cob gene. Six introns are found in the mtDNA of S.octosporus, ®ve located in the cox1 gene (four group I, one group II) and one group II in the cox2 gene. Two group I introns, both located in the cox1 gene, are found in the mtDNA of S.japonicus var. japonicus. All introns contained within these mtDNAs include open reading frames (ORFs) characteristic of the corresponding intron group; that is, two conserved dodecapeptide (LAGLIDADG) motifs in the group I intronic ORFs (40) , and conserved reverse transcriptase sequence motifs in the group II intronic ORFs (41) .
The ORFs encoded by both group II introns in the mtDNA of S.octosporus are signi®cantly similar to that encoded by S.pombe cob-I1 (the ®rst intron in the cob gene; FASTA opt scores of more than 400 in all cases). This may indicate the homology of the introns encoding these ORFs. Three sets of homologous group I introns were also found (set1, S.pombe cox1-I1 and S.octosporus cox1-I1; set2, S.octosporus cox1-I2 and S.japonicus var. japonicus cox1-I1; set3, S.pombe cox1-I2, S.octosporus cox1-I3 and S.japonicus var. japonicus cox1-I2). The introns in each set have identical insertion sites within the cox1 gene and encode highly similar ORFs. It is interesting to note that cox1-I2 of S.japonicus var. japonicus contains two ORFs, whereas its homologs (S.pombe cox1-I2 and S.octosporus cox1-I3) contain only one. The data suggest either the acquisition of a second ORF subsequent to the divergence of S.japonicus var. japonicus (mobility of intronic ORFs independent of the intron has been demonstrated in Podospora) (42) , or the loss of this ORF from the introns in the other two species. Group I introns encoding two ORFs are uncommon, but have been described previously in the mtDNA of the ®lamentous ascomycete Podospora anserina (43) and the cellular slime mold Dictyostelium discoideum (44).
The only intron for which a homolog was not found in the other mtDNAs is S.octosporus cox1-I5. This intron is inserted in a unique location in Schizosaccharomyces mtDNAs, and the ORF that it encodes has no signi®cant similarity to any other intronic ORF in the three Schizosaccharomyces species. BLAST searches of the polypeptide encoded by the intronic ORF, however, identi®ed closely related ORFs encoded by P.anserina cox1-I15 (e = 4 Q 10 ±27 ), D.discoideum cox1/2-I3 (e = 5 Q 10 ±25 ) and Marchantia polymorpha cox1-I8 (e = 3 Q 10 ±15 ). The introns containing these ORFs are inserted in identical positions within the cox1 gene (note that the cox1 and cox2 genes are fused in D.discoideum, therefore the delimitation of Cox1 is inferred by protein sequence alignment). The data suggest a common origin of these introns together with their intronic ORFs.
Genetic code
The universal translation code is used in the standard proteincoding mitochondrial genes (cox1, cox2, cox3, cob, atp6, atp8 and atp9) of S.pombe, S.octosporus and S.japonicus var. japonicus (Table 2) . TGA codons are not found in these genes, nor is TGA used as a stop codon in these mtDNAs. However, TGA codons are found in rps3 of S.pombe (one of three trp codons is TGA, 33%) and in the intronic ORFs encoded in the mtDNAs of all three species (12 of 71 codons in intronic ORFs are TGA, 17%). If UGA was read as a stop codon during translation, this would result in truncated protein products, possibly compromising mitochondrial function. In fact, a truncated rps3 transcript has been shown to cause a respiratory-de®cient phenotype in S.pombe (45) . Alternatively, if the deviant genetic code in which UGA = Trp were used in these mtDNAs (as it is in S.cerevisiae), we would expect to ®nd a single tryptophan tRNA (trnW) bearing the anticodon UCA (a modi®ed U in the wobble position allows the recognition of both UGA and UGG by this anticodon). Strangely, the sole trnW in these mtDNAs is trnW(cca), which is able to recognize only UGG codons. We propose that UGA codons in this system are, albeit inef®ciently, decoded as tryptophan by trnW(cca). A similar proposal has been made for the mtDNA of the basidiomycete Schizophyllum commune, which encodes only trnW(cca), although over 20% of total tryptophan codons are speci®ed by UGA (6). It is possible that the C in the wobble position of the trnW(cca) anticodon is modi®ed to permit the recognition of UGA (Trp) codons. Based on protein sequence alignments (not shown), ATA codes for isoleucine in S.pombe and S.japonicus var. japonicus (following the universal translation code) as opposed to methionine, as it does in animal and S.cerevisiae mitochondria. However, the mtDNA of S.octosporus lacks trnI2(cau) (C residue modi®ed to lysidine), the tRNA that decodes AUA codons as isoleucine. The lack of this tRNA gene correlates with the absence of ATA codons in the standard proteincoding genes of this mtDNA as well as in the rps3 gene. It would appear that ATA codons and trnI2(cau) were eliminated from the S.octosporus mtDNA subsequent to the divergence of S.octosporus and S.pombe. It is interesting to note that intronic ORFs in the S.octosporus mtDNA do, in fact, contain ATA codons (32 of 235 Ile codons are ATA, 14%). It is possible that a tRNA is imported from the cytoplasm to recognize these codons, or that the intronic ORFs are neither translated nor required for intron splicing.
Finally, a strong tendency for A + T nucleotides is observed in the wobble position of codons in almost all protein-coding genes (including intronic ORFs), in the mtDNAs of all three species (see Table 2 ). Conversely, there is a tendency to use TTC codons to code for phenylalanine in standard mitochondrial protein-coding genes (266 of 482 Phe codons are TTC, 55%), whereas TTT codons are strongly preferred in rps3 and intronic ORFs (233 of 292 Phe codons are TTT, 80%). The tendency for a C in the wobble position of these codons in standard genes may serve to avoid frame-shifting at runs of U residues during translation, a phenomenon observed in yeast mitochondria (46) .
Transcription and RNA transcript processing
The mitochondrial genome of S.pombe is transcribed in two units, from promoters situated immediately upstream of the rnl gene (5¢-ATATATGTA-3¢), and upstream of the cox3 gene (5¢-ATATGTGA-3¢) (6, 47) (Fig. 1A) . Similar sequence motifs have not been identi®ed in either the S.octosporus or S.japonicus var. japonicus mtDNAs. Because of the large size of both of these genomes (from two to more than four times that of S.pombe), more than one promoter is probably required. In addition, since genes are encoded on both strands of the S.japonicus var. japonicus mtDNA, at least two promoters must be present. Capping experiments of the mitochondrial RNAs in these two ®ssion yeast species should be undertaken in order to determine promoter locations.
C-rich regions (Fig. 2) are present downstream of all mitochondrial protein-coding genes as well as downstream of rns in S.pombe. S1 nuclease protection signals are clustered immediately downstream of these regions in the atp6 (18) and rnl (48) transcripts, indicating that these C-rich regions are present in the mature transcripts of these genes. Similarly, C-rich regions are present downstream of all protein-coding genes and rns in the mtDNAs of both S.octosporus and S.japonicus var. japonicus, as well as downstream of rnpB in S.octosporus. The consensus sequence of these regions was found to be 5¢-AACCCCC-3¢ in these two genomes. When S.pombe is included in the comparison, the consensus is reduced to 5¢-CCCCC-3¢. The function of these sequences is unknown, but they may be involved in RNA transcript stability, protecting RNA 3¢-ends from exonuclease degradation. Alternatively, they could act as sites for endonucleolytic cleavage.
Double hairpin elements (DHEs)
DHEs are potentially mobile, palindromic, repeat-containing sequences ®rst described in the mitochondrial genome of the chytridiomycete fungus Allomyces macrogynus (49). These elements have the potential to form secondary structures consisting of two adjacent hairpins, of which one or both may contain up to two mismatches, and generally 3±5 nt loops. Extensive G-C pairing is often observed in at least one stem. DHEs have also been identi®ed in the mitochondrial genomes of other members of the genus Allomyces, in members of the chytridiomycete order Monoblepharidales, and the chytridiomycete Spizellomyces punctatus. They are often found in intergenic regions, within intronic ORFs (often disrupting the reading frame), and sometimes within variable regions of ribosomal RNA genes. Their role in gene expression, if any, is unknown.
We have identi®ed ®ve DHEs in the mtDNA of S.octosporus (Fig. 3) that meet the consensus model for DHE secondary structure. This is the ®rst such report in an ascomycete mtDNA. Four of these elements are located in intergenic regions (DHE2±5), and one is located in a variable region of the rnl gene (DHE1) (Fig. 1B) . Their location is not suggestive of a role in gene expression. These ®ve DHEs have the potential to form alternative structures (Fig. 3A) . However, alignment of these elements (Fig. 3B ) reveals a strong primary sequence consensus, which was subsequently used to model the secondary structure. The consensus sequence predicts two hairpins containing mostly G-C pairs, the longest of which includes a GxG mismatch. A cytosine separates these two hairpins in all ®ve cases, and each hairpin contains a loop of 3±5 nt. The functional relevance of these features is unknown.
Two sets of identical DHEs (DHE2 and 5, and DHE3 and 4) occur in distant locations in the S.octosporus mtDNA. This observation supports the mobility of DHEs, as was proposed for those found in the genus Allomyces (49). The mechanism for mobility has not yet been elucidated. The fact that some DHEs (DHE1 and 4) meet the overall consensus only when reverse-complemented (relative to the general transcription direction) suggests that it does not likely occur via an RNA intermediate. The absence of DHEs in the mtDNAs of S.pombe and S.japonicus var. japonicus (and in all other analyzed ascomycete mtDNAs) suggests that DHEs were acquired laterally in S.octosporus, rather than vertically from a common ancestor.
DHEs have been implicated in mtDNA rearrangements in Allomyces (49) . Similarly, three of the ®ve DHEs (DHE2, 4 and 5) in the mtDNA of S.octosporus are located near predicted sites of rearrangement with respect to the mtDNA of S.pombe (see Fig. 1A and B) . Further, DHE3 is located downstream of trnE, a region of the mtDNA which is apparently the result of a duplication event involving the trnE gene and the 5¢ section of the cox2 gene (not shown). This duplication has resulted in a cox2 pseudogene (as well as a tRNA that completely lacks a D-stem, showing high similarity to trnE, although it has the anticodon AAA) upstream of the intact cox2 gene. These results may indicate that the highly similar DHE sequences serve as preferential recombination sites, as do GC-rich palindromes in yeast (50) .
Phylogenetic analysis
In order to determine whether additional data from the genus Schizosaccharomyces would add support for the placement of S.pombe with the hemiascomycetes (budding yeasts; e.g. S.cerevisiae), to the exclusion of the euascomycetes (e.g. . Phylogenetic analysis based on concatenated mitochondrial proteins. The phylogenetic tree was constructed from unambiguously aligned portions of the concatenated protein sequences of Cox1, 2 and 3, Cob, Atp6 and 9, Nad1, 2, 3, 4, 4L and 5, using a total of 3010 amino acid positions. The topology shown was inferred using ProML (52) and the PMB model of protein evolution (E.Tillier, unpublished), and branch lengths were determined using CodeML, included in the PAML package (53) . The alpha value used was 1.05, as determined by CodeML. Maximum likelihood-bootstrap support (percent, ®rst number) was calculated from 100 replicates using SEQBOOT, provided with the PHYLIP package. Distance method bootstrap values (1000 replicates, percent, second number) were calculated using PUZZLE to generate maximum likelihood-distance tables, from which trees were inferred using Weighbor (54) . Because distance methods are highly sensitive to lack of sequence information, while ML methods are not, we chose to use the full dataset of 3010 amino acid positions only for the inference with ProML. For the distance tree, we eliminated all Nad protein sequences from the alignment (the corresponding genes are not present in S.cerevisiae and S.pombe), as well as additional gaps in the alignment, retaining a total of 1464 amino acid positions. The tree topologies were similar with both methods, except that in the distance tree, the Zygomycota were found to be monophyletic, with high bootstrap support (95%), while they are paraphyletic (although without signi®cant support) in the ML analysis. Trees inferred by both methods place Schizosaccharomyces at the base of the hemiascomycetes (`budding yeasts'), with bootstrap support generally considered high (95% in maximum likelihood, 94% in distance). Sequences were obtained from GenBank: Schizophyllum commune (AF402141), Pichia canadensis (D31785), S.cerevisiae (AJ011856), Candida albicans (AF285261), Yarrowia lipolytica (AJ307410), S.octosporus (AF275271), S.pombe (X54421), S.japonicus (AF547983), Hypocrea jecorina (AF447590), Aspergillus nidulans (ODAS1, CAA33481, AAA99207, AAA31737, CAA25707, AAA31736, CAA23994, X15442, P15956, CAA23995, CAA33116, X00790, X15441, X06960, J01387, X01507), P.anserina (X55026), A.macrogynus (U41288), Hyaloraphidium curvatum (AF402142), Spizellomyces punctatus (AF402142), Metridium senile (AF000023), Sarcophyton glaucum (AF064823, AF063191). Protein sequences of Cantharellus cibarius, Monosiga brevicollis, Harpochytrium94, Monoblepharella15, Rhizopus stolonifer and Mortierella verticillata can be downloaded from http://megasun.bch.umontreal.ca/People/lang/ FMGP/proteins/. The translations of mitochondrial proteins of the species C.albicans, P.canadensis and Y.lipolytica found in GenBank were found to be incorrect based on multiple alignments. It was found that these species, rather than using the S.cerevisiae mitochondrial genetic code, use the standard genetic code along with UGA-tryptophan. Consequently, we translated the proteins used in these analyses using this genetic code. In addition, intron annotation in H.jecorina, Y.lipolytica and C.albicans was corrected.
P.anserina), we inferred phylogenetic trees using the amino acid sequences of 12 concatenated mitochondrial proteins (see legend of Fig. 4 for details). Our topology (Fig. 4) places Schizosaccharomyces at the base of the hemiascomycetes with a bootstrap support value of either 95% (with a maximum likelihood-based method) or 94% (with a distance-based method). Analysis of the same set of proteins and species, but excluding S.japonicus var. japonicus and S.octosporus produced bootstrap support values of either 94% (maximum likelihood) or 92% (distance method) for this placement of Schizosaccharomyces. Likelihood ratio tests were subsequently used for rigorous statistical testing of alternative topologies (Table 3) . With the Approximately Unbiased test (AU) (51), the commonly accepted topology, in which Schizosaccharomyces branches at the base of the Ascomycota, had a P-value of 0.071, close to the accepted strict con®dence level of 0.05 that is required to reject this topology. When only S.pombe is included in the dataset, the P-value for this standard topology was 0.158 using the AU test, far from permitting the rejection of this topology. Therefore, although addition of the data from these two additional Schizosaccharomyces species to mitochondrial protein-based phylogenetic analysis does lend more support to the placement of S.pombe at the base of the hemiascomycete branch, it is not possible to con®dently reject the standard topology in which S.pombe diverges prior to the separation of the hemiascomycetes and the euascomycetes, with these data.
CONCLUSIONS
The comparative analysis presented here allows a more comprehensive understanding of the mitochondrial genomes found in the fungal genus Schizosaccharomyces. Current work is focused on the mtDNAs of other potentially deep-diverging members of Ascomycota (archiascomycetes, such Saitoella or members of the genus Taphrina), as well as members of Basidiomycota, in order to better characterize mitochondrial evolution in the higher fungi, and to test the hypothesis that archiascomycetes are a monophyletic lineage (21) .
